The leaf area to sapwood area ratios of trees (A l :A S ) can shift to maintain homeostatic gas exchange per unit leaf area in response to climate variability. We tested the hypothesis that trees alter their A l :A S ratios in response to long-term warming and reduced precipitation in order to maintain leaf-specific gas exchange rates under more stressful conditions. Whole-tree A l :A S was measured on mature piñon pine (Pinus edulis Engelm.) and one-seed juniper (Juniperus monosperma (Engelm.) Sarg.) trees after 5 years (2012-16) of chronic exposure to increased temperature (+4.8°C), precipitation reduction (−45%), or both simultaneously. No difference was found in A l :A s among treatments for either species. Associated with this lack of shift in A l :A s were large changes in predawn leaf water potential and stomatal conductance, consistent with theoretical expectations of interactions between leaf and whole-tree hydraulic supply. Our results suggest that a lack of whole-tree acclimation in A l :A s results in the reductions in plant gas exchange and water status associated with long-term warming and reduced precipitation in semi-arid woodlands.
Introduction
Global temperatures are rising and precipitation levels are fluctuating markedly (Pachauri et al. 2014 ) causing widespread, large-scale tree mortality events (Breshears et al. 2005 , Phillips et al. 2010 , van Mantgem et al. 2009 , Carnicer et al. 2011 , Peng et al. 2011 . The underlying mechanisms of drought-resiliency and drought-induced mortality are poorly understood (McDowell et al. 2008 , McDowell and Sevanto 2010 , Sala et al. 2010 , Dietze et al. 2014 , Adams et al. 2017 ). Phenotypic plasticity, or acclimation, whereby a species modifies its physiological or structural traits to maintain optimal performance under novel conditions (Nicotra et al. 2010) , has been suggested as a potential resiliency mechanism to climate variability (Limousin et al. 2012 , Grossiord et al. 2017a ). Contrary to adaptive mechanisms that may take several generations to occur, acclimation takes place within the lifespan of an individual, with time frames of response anywhere from minutes to decades. Trees show strong acclimation potential to temperature change (and subsequent changes in vapor pressure deficit, VPD), although contradictory responses have been observed depending on the species (Way and Oren 2010) and background climate (e.g., Linderholm 2006 , Adams et al. 2015 . For example, experimental and observational studies have found enhanced or reduced metabolic and photosynthetic productivity (Larcher 2003 , Garcia-Forner et al. 2016 , advanced or slowed phenology due to shifts in the growing season (Linderholm 2006 , Primack et al. 2009 , Adams et al. 2015 or modifications of structural foliar traits (Grossiord et al. 2017a ) in response to warming.
An important structural acclimation mechanism recognized in trees in response to changing environmental conditions is the shift in the leaf area to sapwood area ratio (A l :A s ; Huber 1928 , Waring et al. 1982 . According to a hydraulic corollary of Darcy's Law (Whitehead and Jarvis 1981 , Whitehead 1998 , reductions of A l :A s with increasing VPD under warming, or reduced precipitation, can provide greater capacity to transport water from the soil per unit leaf area, thus minimizing decreases in stomatal conductance and photosynthesis (Mencuccini 2002) . Functionally, reductions in wholetree A l :A s (such that there is less leaf area per unit sapwood area) result in greater water availability to the remaining foliage (Whitehead 1998) . There is consistent evidence demonstrating the marked impact on hydraulic architecture of trees due to increased evaporative demand (Waring et al. 1982 , Mencuccini and Grace 1995 , White et al. 1998 or decreased precipitation (Berner and Law 2015) , or both (Callaway et al. 1994 , McDowell et al. 2002 , Gentine et al. 2016 .
The objective of this study was to investigate a potential mechanism of resiliency to changing climate conditions for two conifers from a semi-arid ecosystem in the Southwestern USA. Specifically, we investigated the effects of 5 years of chronic increased temperature (+4.8°C), decreased precipitation (−45%), or both on branch and whole-tree A l :A s of mature piñon pine (Pinus edulis) and one-seed juniper (Juniperus monosperma) trees in northern New Mexico. Locally, these tree species have been impacted by rising temperature and low precipitation with up to 95% mortality for piñon and 25% for juniper during recent extremely dry and warm years (Breshears et al. 2005 , Shaw et al. 2005 . Piñon trees close their stomata earlier than juniper trees during periods of precipitation reduction, resulting in piñon having limited ability to shift leaf water potential and gas exchange relative to juniper (McDowell et al. 2008a , West et al. 2008 , Limousin et al. 2013 ), including at our study site (Garcia-Forner et al. 2016 , Grossiord et al. 2017b . While the two species have different hydraulic strategies, we had no evidence to suggest they differed in structural shifts under environmental changes, thus we simply hypothesized that both species would reduce A l :A s in response to rising temperature and VPD and decreased precipitation after 5 years of treatment exposure. We further hypothesized that if such shifts occurred, we should observe a positive relationship between decreasing A l :A s and leaf water potential and gas exchange. If no shifts in A l :A s occurred in response to the treatments, we expected to see no relationship between these variables and instead, large decreases in leaf water potentials and gas exchange rates.
Materials and methods

Study site and experimental design
The study site is the Los Alamos National Laboratory SUrvivalMOrtality (SUMO) experiment located on the Pajarito Plateau in Los Alamos County, NM (35°49′05.7′N, 106°18′20.5′W, elevation 2175 m). Mean annual temperature is 10.3°C, with an average yearly low of −7.2°C in January and an average yearly high of 27.2°C in July (1987-2015 period) . Mean annual precipitation is 479 mm, with nearly half of the precipitation occurring throughout the North American Monsoon in July, August and September months. The soil at the site is Hackroy clay loam derived from volcanic tuff with a depth ranging from 40 to 80 cm (National Cooperative Soil Survey, United States Department of Agriculture, http://websoilsurvey.nrcs.usda.gov). The site is dominated by two native trees species, piñon pine (Pinus edulis Engelm.) and one-seed juniper (Juniperus monosperma (Engelm.) Sarg.).
This experimental study examined piñon and juniper trees subjected to 5 years of temperature and precipitation manipulation. Warming (+4.8°C) was induced by open-top polycarbonate chambers that contained the entirety of the tree. Precipitation reduction was accomplished using a series of parallel concave polycarbonate troughs, roughly 1 m above ground, which excluded 45% of the annual precipitation at the site (based on the area covered by the troughs). Five to six trees from each species were exposed to five chronic (24 h, 365 day) treatments: ambient temperature and precipitation, chamber control for trees located inside chambers with temperature regulated to match ambient temperature, warming, reduced precipitation and warming + reduced precipitation simultaneously. Tree height ranged between 1.5 m and 4.5 m. The mean tree ages were 56 ± 5 and 79 ± 7 years for piñon and juniper, respectively. Chambers footprints ranged from 6 m 2 to 20 m 2 and contained between one and five trees whose boles were located at a minimum distance of 1.5 m from the chamber boundary. Climatic conditions were measured and recorded continuously inside each chamber and at two weather stations located on site (see Figure S1 available as Supplementary Data at Tree Physiology Online). Greater details on the experimental design can be found in Adams et al. (2015) and Garcia-Forner et al. (2016) . Previous studies found no differences between ambient and chamber control treatments for climate factors (air temperature, VPD and soil moisture) nor tree physiological responses (Adams et al. 2015 , Garcia-Forner et al. 2016 , Grossiord et al. 2017a , suggesting no indirect effects of non-measured parameters of the chambers. In this study, we therefore only measured trees from the ambient treatment to reduce our sampling load and decrease the number of destructive measurements.
Tree allometry
This study focused on five trees per species from each of four treatments (ambient, warming, precipitation reduction and warming + precipitation reduction). We used branch allometric scaling to estimate whole-tree leaf area (McDowell et al. 2002 (McDowell et al. , 2008b . We sampled across the full range of tree heights available at this site (~1-5 m for both species) in order to capture Tree Physiology Volume 39, 2019 the variation in A l :A s associated with height (e.g., McDowell et al. 2002) . To generate scaling relationships, we harvested three branches from each of the five target trees from different locations within the height profile of the crown; one from low height (0-40 cm), one from an intermediate height (40-10 cm) and one from a high height (110-350 cm). Branches were harvested in August 2016 from a variety of directional aspects; directionality was selected randomly. We measured basal diameter of the harvested branch, height above ground of the harvested branches and aspect at the position of harvested branch origin. We determined total leaf area for each harvested branch by calculating specific leaf area (SLA, cm 2 g −1
) of a randomized subset of leaves from each branch (all age classes). Specific leaf area was typically measured immediately after harvesting, or in a few cases leaf samples were sealed in plastic bags and refrigerated at a temperature of 1.6°C until analysis could occur the next day; all samples used for measuring SLA were processed within 24 h following collection. We measured leaf area with a scanner (HP ScanJet 5590, Hewlett-Packard, Palo Alto, CA, USA) and ImageJ software. We dried the remaining harvested leaves at 50°C for a minimum of 14 days, weighed these using a fine-precision scale and calculated leaf area from SLA for each harvested branch. In order to estimate whole-tree leaf area, we measured the diameter of all branches on each tree and used the treatment-specific and species-specific allometric equations we created for harvested branches to calculate entire branch leaf areas, which were summed to calculate whole-tree leaf area estimates (McDowell et al. 2002 (McDowell et al. , 2008b .
Branch sapwood area for piñon trees was determined by marking the boundary where xylem was clear immediately after harvesting (McDowell et al. 2008) . For branch sections obtained from juniper trees, branches were allowed to dry for 72 h at a temperature of 50°C in order to emphasize the visual border between the sapwood and heartwood. After drying, the heartwood and the sapwood were typically easy to differentiate based on color. For branch samples where the boundary was unclear, cresyl violet acetate stain was used to determine the sapwood area. We used a scanner (Hp Scanjet 5590, HewlettPackard) and the image processing software ImageJ to measure sapwood area on branch samples. Sapwood thickness was measured at locations perpendicular to one another on each branch subsection.
Leaf water potential and stomatal conductance
We measured pre-dawn leaf water potential (Ψ pd , MPa) approximately monthly from 2011 to 2016. Two south-facing branch samples with healthy foliage were taken from each tree before sunrise, immediately placed in plastic bags and stored in a refrigerator for no longer than 1 h until they were measured with a Scholandertype pressure chamber (Kaufmann and Thor 1982; pressure ) on one current-year, sun-exposed shoot from each tree. Measurements were carried out using a Li-Cor LI-6400 infrared gas analyzer system (Li-Cor Environmental, Lincoln, NE, USA). We measured gas exchange in the morning when the highest stomatal conductance was expected, using the 2 × 3 LED chamber with the following settings: 400 ppm of reference CO 2 concentration, 1500 μmol m −2 s −1
light-saturating photosynthetic photon flux density, block temperature at 20°C or 25°C to match ambient air temperature and desiccant on full scrub. We have found that having dessicant on full scrub is typically necessary to obtain chamber humidity values near ambient in this particularly dry ecosystem, thus enabling achievement of steady-state gas exchange in reasonable time frames. Leaf temperature was measured using the energy balance method. The projected leaf area of the measured foliage was determined using an Li-Cor LI-3100C area meter and was used to correct g s .
Statistical analyses
Responses of branch and whole-tree leaf area, A l :A s , SLA, g s and Ψ pd to precipitation reduction, atmospheric warming and the combination of the treatments were analyzed using mixed linear, random intercepts models where species, warming (yes or no), precipitation reduction (yes or no), tree height (for whole-tree leaf area and A l :A s ), branch height (for branch-level A l :A s and SLA), and year (for g s and Ψ pd ) were used as fixed effects. For all tests, the individual trees nested in the chambers were input as random effects. The model selection procedure started with all variables and progressively removed the variables with the lowest explanatory power until the minimal model with the lowest Akaike Information Criterion that still included the warming: precipitation reduction interaction was obtained. Similar models were used to analyze branch-level responses of sapwood area, leaf biomass and leaf area where branch diameter was used as an additional fixed effect in the global model. We also used similar mixed models to assess the relationships between wholetree A l :A s and Ψ pd and g s . Post-hoc analysis was performed with Tukey's HSD post-hoc test. R-square (r 2 ) was obtained for linear mixed effects models following Nakagawa and Schielzeth (2013) and adapted by Jon Lefcheck (http://jonlefcheck.net/ 2013/03/13/r2-for-linear-mixed-effects-models/). An alpha critical value of α = 0.05 was used to determine statistical significance. We performed all analyses using the software R (3.2.1, R Core Team 2015). Statistical analyses were performed using the package nlme (Pinheiro and Bates 2000) for linear mixed effects models.
Results
Tree allometry
No treatment differences were found for either branch-level or whole-tree A l :A s among treatments for either species (Figure 1 Tree Physiology Online at http://www.treephys.oxfordjournals.org and see Tables S1 and S2 available as Supplementary Data at Tree Physiology Online). Branch-level A l :A s was significantly different between species with higher values for piñon (see Table S1 available as Supplementary Data at Tree Physiology Online) but not whole-tree A l :A s (see Table S2 available as Supplementary Data at Tree Physiology Online). Tree height had a significant impact on whole-tree A l :A s in pine but not juniper (Figure 2 and see Table S2 available as Supplementary Data at Tree Physiology Online). Specific leaf area (SLA, cm 2 g −1 ) depended on a significant interaction between species and treatment (see Table S3 available as Supplementary Data at Tree Physiology Online). We did find strong linear relationships between fresh leaf area and dry mass for both species in all four treatments (see Figure S2 available as Supplementary Data at Tree Physiology Online). Linear and positive relationships were found between branch leaf area, leaf biomass, sapwood area and basal branch diameter for both species across all treatments (see Figure S4 available as Supplementary Data at Tree Physiology Online). However, no responses in branch sapwood area, leaf area, leaf biomass (see Table S4 available as Supplementary Data at Tree Physiology Online) and whole-tree leaf area (see Table S5 available as Supplementary Data at Tree Physiology Online) were found in response to warming and drought for both species, suggesting little change in overall tree structure in response to the treatments (see Figure S3 available as Supplementary Data at Tree Physiology Online). Nevertheless, it is important to note that some relationships between branch leaf area and branch diameter (see Figure S4 available as Supplementary Data at Tree Physiology Online) were relatively weak for piñon trees (i.e., R 2 of 0.3) indicating that precautions should be taken when interpreting these results.
Stomatal conductance and leaf water potential
Stomatal conductance (g s ) over the 2012-16 period significantly varied between treatments (Figure 3 ), between species (see Table S6 available as Supplementary Data at Tree Physiology Online), and between years with contrasting climatic conditions (i.e., 2013 and 2015; Garcia-Forner et al. 2016 , Grossiord et al. 2017c ). The g s for ambient trees was consistently higher for both species than the other treatments (Figure 3 ). Predawn leaf water potential (Ψ pd ) exhibited clear differences across treatments and species (see Table S7 available as Supplementary Data at Tree Physiology Online). The Ψ pd for ambient trees was consistently higher for both species, while values for trees subjected to combined warming and precipitation reduction were consistently the lowest throughout the study period. Though this difference was non-significant, it suggests an additive effect of warming and drought on Ψ pd (Figure 3 ). Ψ pd was overall less negative for piñon than for juniper trees across all years (Figure 3 ), consistent with their respective iso-and anisohydric strategies (GarciaForner et al. 2016) . The relationships between Ψ pd and g s , and A l :A s were poor (Figure 4) , suggesting large shifts in gas exchange (g s ) and drought exposure (Ψ pd ) in response to the various drivers as A l :A s remained constant. . Relationships between average pre-dawn leaf water potential (Ψ pd , MPa) and stomatal conductance (g s , mmol m −2 s −1 ) for the 2012-16 period, and whole-tree leaf area:sapwood area ratios (A l :A S , cm 2 mm −2 ) for piñon and juniper trees in each treatment. No significant relationship was found between the measured traits. PR stands for the precipitation reduction treatment.
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Discussion
Tree morphology, including branch diameter, sapwood area, leaf area and branch and whole-tree A l :A s , were unaffected by 5 years of chronic warming and precipitation reduction in both species (Figure 1 and see Figure S2 available as Supplementary Data at Tree Physiology Online). Our results, therefore, suggest that semiarid trees may not significantly alter their conductive and evaporative structures as an acclimation mechanism to deal with more stressful environmental conditions, at least within the levels of intensity and duration of drought and warming-events that typically last a few years (e.g., Breshears et al. 2005) . It is possible that A l :A s adjustments can occur, but at slower time-scales than could be observed within the 5-year period of our experiment (e.g., at the rate of height growth for pine, Figure 2) . The low growth rate of piñon and juniper trees in the Southwest USA (Bentancourt et al. 1991 , Gaylord et al. 2015 , Redmond et al. 2017 ) also prevents any acclimation of xylem vulnerability to embolism after multi-year drought in these species (Hudson et al. 2018) ; thus acclimation processes may take much longer than the typical 1-2 year drought extremes.
Piñon and juniper trees could rely on a different acclimation mechanism to adjust to long-term chronic warming and precipitation change. After 5 years of treatment exposure, no mortality was observed at the site, contrary to recent findings suggesting higher mortality risks during 'hotter droughts' (Williams et al. 2013 , García de la Serrana et al. 2015 . Indeed, previous studies at the same study site found significant adjustments to warming and drought in several physiological and some structural traits including hydraulic and stomatal conductance (Garcia-Forner et al. 2016 , Grossiord et al. 2017a , foliar architecture (Grossiord et al. 2017a) , water uptake depth (Grossiord et al. 2017c ) and phenology (Adams et al. 2015) . Interestingly, this work highlights that acclimation responses to warming and drought may be associated to particular climatic conditions. Indeed, Adams et al. (2015) found significant shifts in phenology under warming in 2013 (i.e., a particularly dry year; these results were not replicated in the other years of the treatment; Adams et al. personal communication) while Grossiord et al. (2017a) found variable responses in leaf mass area across treatments in 2014 (i.e., a relatively wet year compared with the long-term average at the site). These previous findings also suggest that semi-arid trees may be able to acclimate to long-term temperature rise and drought stress through more rapid physiological shifts associated with leaf traits, but not slower structural changes at the whole-tree level, even after 5 years of treatment. This interpretation is supported by the poor relationships we found between structural (A l :A S ) and physiological responses (Ψ pd and g s ; Figure 4 ). Our previous observations suggest that under dry and warm conditions, trees may undergo larger changes in belowground compartments (i.e., water uptake depth) to optimize water access, even if these may not be sufficient to fully overcome abiotic stresses (Grossiord et al. 2017c) , rather than aboveground changes (A l :A s ) in response to warming and reduced precipitation.
Species differences in the response of A l :A s to height (declining in pine, no change in juniper; Figure 2 ) may be related to their relative locations on the iso/anisohydric spectrum (GarciaForner et al. 2016) . Because increasing height typically forces reduced whole-plant hydraulic conductance and hence lower leaf-specific gas exchange, most (but not all) trees reduce A l :A s with increasing height (McDowell et al. 2002) . Thus height growth and drought both impact leaf-specific gas exchange in similar ways. Drought causes pine to exhibit greater stomatal closure, photosynthetic and non-structural carbohydrate decline, and embolism than juniper (McDowell et al. 2008 , 2015 , Limousin et al. 2013 , Mackay et al. 2015 , Garcia-Forner et al. 2016 . Pine may be forced to reduce A l :A s with increasing height due to its limited gas exchange, whereas the more anisohydric juniper may be able to maintain A l :A s as height increases due to its lack of gas exchange constraints (in part associated with deeper roots; Grossiord et al. 2017c ). Thus, the demand to shed leaves to maximize gas exchange per unit leaf area is likely much greater in pine than in juniper. Critically, the response to height growth is manifest over the lifetime of the trees, whereas no response to the experiment was seen within the 5 year window of the treatments, thus changes in A l :A s appear too slow to accommodate the short-window (e.g., a few years) of drought and heat-waves.
In this system, we found that A l :A s did not vary in response to warming and drought, but large shifts in Ψ pd and g s did occur in response to the treatments and to the background climate variability (Figure 3) . Water potential and g s decreased as conditions became more arid (i.e., increased temperature and decreased precipitation) both due to the experimental manipulations and to seasonal and inter-annual variability (e.g., 2013 and 2016, Figure 2 and see Figure S1 available as Supplementary Data at Tree Physiology Online). These semi-arid trees may exhibit slow (i.e., more than 5 years) shifts in their aboveground conductive and evaporative structures, forcing short-term physiological shifts at the leaf level in response to climate variation. This lack of structural adjustment of A l :A s (and xylem embolism resistance; Hudson et al. 2018 ) to drought and temperature stress suggests that mechanisms for acclimating to climate change in these species could be limited to short-term physiological responses. Model predictions of future mortality responses may incorporate the lack of structural acclimation into simulations to provide a constraint on acclimation processes.
Supplementary Data
Supplementary data for this article are available at Tree Physiology Online.
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